To determine the activity of newer triazoles against strains of Histoplasma capsulatum resistant to fluconazole.
Introduction
Itraconazole is an effective therapeutic drug for histoplasmosis but is not well tolerated in all patients and exhibits variable drug exposure due to differences in absorption or metabolism. Fluconazole is less active than itraconazole. For example, one-third of cases relapsed in one study 1 and reduced susceptibility to fluconazole occurred in the isolates from most patients who failed therapy. 2 The mechanism of resistance was the reduction in susceptibility of cytochrome P450-dependent enzymes 14a-demethylase (CYP51p) and 3-ketosteroid reductase to fluconazole. 3 Posaconazole, ravuconazole and voriconazole are active against Histoplasma capsulatum, and posaconazole and ravuconazole were effective in an experimental model of histoplasmosis. 4, 5 Voriconazole and posaconazole have not been approved for histoplasmosis but have been increasingly used in patients unable to take itraconazole (L. J. Wheat, unpublished data) .
Recent studies of mechanisms of resistance to azoles in Candida albicans and Aspergillus fumigatus showed that mutations in cytochrome P450-dependent enzyme 14a-demethylase (CYP51p) frequently resulted in cross-resistance to fluconazole and voriconazole but not always to itraconazole or posaconazole. 6 In this article we report the in vitro susceptibility to the newer triazoles of isolates from patients who failed fluconazole therapy and the identification of a single amino acid substitution in CYP51p that may account for differences in susceptibility.
Materials and methods

Isolates
The fluconazole trial was described previously. 1 
Antifungal susceptibility testing
Antifungal susceptibility testing was performed using NCCLS method M27A developed for yeasts, as modified for H. capsulatum. 2 The drugs were dissolved in dimethyl sulfoxide (DMSO) at 10 times the concentration of the final drug dilution and then diluted in RPMI 1640 medium (Bio Whitakker 04-525F) containing the test strains of H. capsulatum or the control strains, which were Candida parapsilosis (ATCC 22019) and Candida krusei (ATCC 6258). The newer triazoles were tested at 8-0.007 mg/L. The endpoints were read visually and defined as the concentration of the drug that inhibited 80% or greater of the organism growth as compared with the no drug control. The powder formulations of the antifungal agents used for susceptibility testing were obtained from the pharmaceutical manufacturers.
DNA sequencing of CYP51 alleles
The accession number for CYP51A is AY690428. The H. capsulatum genomic sequence was obtained from Washington University (http:// genomeold.wustl.edu/blast/histo_client.cgi). Oligonucleotides were used to PCR-amplify the two CYP51 alleles in overlapping 600 bp segments from total genomic DNA isolated using the method of Spitzer et al. 7 Both strands of each allele were sequenced in their entirety using a Beckman CEQ8000 Genetic Analyzer (Beckman Coulter, Fullerton, CA, USA), and sequence alignments and analysis were performed using Sequencher (Gene Codes Corp., Ann Arbor, MI, USA) and Vector NTI (Informax, Carlsbad, CA, USA).
Statistical methods
The MICs for the primary isolates were compared among the four triazoles using the Kruskal-Wallis test. Sidak's adjustment for multiple comparisons was used to make pair-wise comparisons between the triazoles. The change in the MIC was defined as the relapse isolate MIC minus the primary isolate MIC. The ratio of the MICs was defined as the ratio of the relapse isolate MIC to the primary isolate MIC. The median values for the change and ratio within each triazole were estimated along with 95% confidence intervals (CI) for these medians.
Results
The MICs for the 17 primary isolates obtained before starting the treatment are shown in Figure 1 (a). The median MICs were 1.0 mg/L for fluconazole, 0.015 mg/L for voriconazole and <0.007 mg/L for posaconazole and ravuconazole. While the MIC of voriconazole was significantly lower than that of fluconazole, MICs of fluconazole and voriconazole were higher than those of posaconazole or ravuconazole.
Of the 17 post-treatment isolates, 12 and 7 isolates exhibited a 4-fold or greater decrease in susceptibility to fluconazole and voriconazole, respectively, but none showed a change in MIC of posaconazole or ravuconazole (Figure 1b ). The median increase in MIC of fluconazole was 7.5 mg/L (95% CI: 1.5, 15.0), compared with 0.008 mg/L (95% CI: 0.0, 0.11 mg/L) for voriconazole. The fold increase in median MIC was 8.0 (95% CI: 2.0, 16.0) for fluconazole and 2.1 (95% CI: 1.0, 8.3) for voriconazole.
While the change in MIC of voriconazole was less than that of fluconazole, the 95% CI was above 1.0. A change in MIC could not be determined for posaconazole or ravuconazole because the MICs for primary and relapse isolates were very similar.
To determine whether the changes in susceptibility were due to alterations in the target site, a matched pair of pre-/post-treatment isolates was analysed in more detail. A CYP51 allele in H. capsulatum (designated CYP51A in this study) was previously identified. 8 Interrogation of the H. capsulatum genome sequences deposited at Washington University identified a second allele, CYP51B. Although CYP51Ap and CYP51Bp are highly homologous, the start of the open reading frame of CYP51Bp was not readily apparent ( Figure 2 ). Comparison of the CYP51Ap amino acid sequences from a fluconazole-susceptible pre-treatment isolate (MIC 1 mg/L) and a post-treatment isolate exhibiting reduced susceptibility to fluconazole (MIC 16 mg/L) identified a single substitution in the post-treatment isolate; tyrosine at position 136 was replaced by phenylalanine (Y136F). There Ca.CYP51 -KTHGVANVMKTQPEITIFTASRSLFGDEMRRIFDRSFAQLKIREYILNYFVTDESFKLK Hcap.Pre.CYP51A
QGDKGVLDVCKSVSEITIYTASRSLQGKEVRSKFDSSFAQL
LGASGEVDISAVMAEITIFTAGSALQGEEVRSKLNAEFAVL
LGASGEVDISAVMAEITIFTAGSALQGEEVRSKLNAEFAVL were no substitutions in CYP51Bp in either the pre-or posttreatment isolates.
Discussion
The findings in this study suggest that voriconazole may be less effective in treating histoplasmosis than itraconazole, ravuconazole or posaconazole. The median MIC of voriconazole for H. capsulatum, although lower than that of fluconazole, was higher than those of posaconazole and ravuconazole. Exposure to fluconazole has been associated with a reduction in susceptibility to voriconazole in about 40% of strains. Also important in the antifungal efficacy of voriconazole is the drug exposure. While fluconazole achieves predictable high concentrations in the serum and tissues in patients treated with the high dosages used in histoplasmosis, 1 voriconazole concentrations are lower and more variable. 9 Whether voriconazole will be effective in histoplasmosis, and whether it will select for resistant isolates, as seen with fluconazole, remains to be determined, since it has not been studied in a prospective clinical trial. In the absence of clinical trials establishing its efficacy, the reduction in susceptibility to voriconazole and the potential for induction of resistance support the need for careful monitoring of patients with histoplasmosis treated with voriconazole, especially if they are immunosuppressed or have been previously treated with fluconazole.
The mechanism for resistance to fluconazole in H. capsulatum has been examined. 3 Cytochrome P450-dependent enzymes 14a-demethylase (CYP51p) and 3-ketosteroid reductase became less sensitive to fluconazole in the relapse isolate in that study. No differences in intracellular concentrations of itraconazole or fluconazole were seen in the relapse versus the pre-treatment isolate. The recent availability of genomic sequence allowed us to determine whether the changes in susceptibility in a pair of isolates from this study were caused by amino acid substitutions in CYP51p. Sequencing identified a single substitution (Y136F) in CYP51Ap from a post-treatment isolate exhibiting reduced susceptibility to fluconazole that was absent in the matched fluconazole-susceptible baseline isolate. An alignment of CYP51Ap with CYP51p from C. albicans revealed that Y136 is analogous to Y132 in C. albicans (Figure 2 ). Previously, a substitution at Y132 in CYP51p from C. albicans was demonstrated to interfere with fluconazole binding to the purified protein. 10 In addition to being moderately resistant to fluconazole the posttreatment isolate exhibited a 16-fold reduction in susceptibility to voriconazole but no change in susceptibility to either posaconazole or ravuconazole. We propose that the Y136F substitution in the relapse isolate is responsible for the reduction in susceptibility to fluconazole and voriconazole.
Recent studies began to elucidate the cause for different susceptibility patterns among the triazoles. 6 Triazoles with a more extended structure, such as posaconazole (and presumably to a lesser degree ravuconazole), are predicted to make extensive contacts with the residues in the target protein, both in the vicinity of the active site and further afield. In contrast, the more compact triazoles, such as fluconazole and voriconazole, principally interact with residues in the region of the active site. Consequently, when mutations occur in and around the active site they impact the binding of the compact triazoles much more than they do for triazoles such as posaconazole.
In summary, fluconazole treatment of disseminated histoplasmosis in patients with AIDS was associated with induction of resistance to fluconazole and, to a lesser extent, to voriconazole. A single amino acid substitution in CYP51p at Y136 appeared to be responsible for the reduction in susceptibility seen in the relapse isolate. Additional studies are needed to determine whether voriconazole is effective for the treatment of histoplasmosis caused by strains with reduced susceptibility and whether it induces resistance. Until such studies are completed, monitoring for relapse is indicated, particularly in those previously treated with fluconazole.
